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3Charge separation (∆S) measurements, obtained relative to the 2nd-order (Ψ2) and 3
rd-order
(Ψ3) event planes with a new charge-sensitive correlator RΨm(∆S), are presented for p(d)+Au and
Au+Au collisions at
√
sNN = 200 GeV. The correlator, which is sensitive to the hypothesized
Chiral Magnetic Effect (CME), show the expected patterns of background-driven charge separation
for the measurements relative to Ψ3 and those relative to Ψ2 for the p(d)+Au systems. By contrast,
the Au+Au measurements relative to Ψ2, show event-shape-independent RΨ2(∆S) distributions
consistent with a CME-driven charge separation, quantified by widths having an inverse relationship
to the Fourier dipole coefficient a˜1, which evaluates the CME. The extracted values of these widths
and their dependencies on centrality and event-shape give new constraints for a possible CME-driven
charge separation in relativistic heavy ion collisions.
PACS numbers: Valid PACS appear here
Topological charge fluctuations [1] can lead to the for-
mation of metastable domains with a chirality imbalance,
in which fundamental symmetries (P and/or CP) are lo-
cally broken [2]. It has been predicted [3] that experimen-
tal manifestations of such fluctuations, as well as informa-
tion on the restoration of chiral symmetry, are accessible
via studies of the Chiral Magnetic Effect (CME) [3–11]
in quark gluon plasma (QGP) created in the presence
of the very strong magnetic fields produced in ion-ion
collisions. The CME results from anomalous transport
of chiral fermions in the QGP, leading to the genera-
tion of an electric current ~JQ = σ5 ~B along the generated
time-dependent magnetic field ~B. Here, σ5 = CAµ5 is
the chiral magnetic conductivity [12], expressed in terms
of the chiral chemical potential µ5 that quantifies the
imbalance between right-handed and left-handed (oppo-
site chirality) quarks in the plasma, and the coefficient
CA = Q
2/(4π2) for quark electric charge Q [7, 13–15].
The lifetime of the magnetic field, as well as the initial
chiral imbalance and its lifetime, are currently uncon-
strained theoretically [16–18].
In ion-ion collisions, the CME manifests as a charge
separation/asymmetry in the distribution of particles
emitted about the reaction plane (ΨRP) defined by the
impact parameter and the beam axis. This asymmetry
results from the B-field-driven anomalous electric current
~JQ along the magnetic field direction, i.e., perpendicu-
lar to ΨRP. Such a charge separation leads to a dipole
term (a1) in the azimuthal distribution of the produced
charged hadrons N ch:
dN ch
dφ
∝ [1 + 2
∑
n
(vn cos(n∆φ) + an sin(n∆φ))] (1)
where ∆φ = φ−ΨRP is the azimuthal angle measured
with respect to the reaction plane angle, and vn and
an denote the coefficients of P -even and P -odd Fourier
terms, respectively. A direct measurement of the P-odd
coefficients an, is not possible due to the strict global
P and CP symmetry of QCD. However, their fluctua-
tion and/or variance a˜n =
〈
a2n
〉1/2
can be measured with
suitable correlators.
Several measurements have been performed at RHIC
[19–23] and the LHC [24–27] to identify and quantify
charge separation with the Gamma correlator [28]:
γαβ =
〈
cos
(
φ(±)α + φ
(±)
β − 2Ψ2
)〉
, (2)
where φα, φβ denote the azimuthal emission angles for
like-sign and unlike-sign hadron pairs, and Ψ2 denotes
the estimated second-order event plane determined via
the maximal particle density in the elliptic azimuthal
anisotropy and the beam axis. The interpretation of
these data as an indication for the CME-driven charge
separation remains inconclusive because of the difficulty
to separate the desired signal from several known sources
of background correlations [29–35]. The sensitivity of
the γ-correlator to local charge conservation and flow-
driven background poses significant challenges for its use
to identify and characterize a possible CME signal.
An alternative charge-sensitive correlator, designed to
have different sensitivities to the CME signal and known
backgrounds, has been proposed [36, 37] to aid the detec-
tion and characterization of CME-driven charge separa-
tion. Here, we report new measurements relative to both
the Ψ2 and Ψ3 event planes in Au+Au and p(d)+Au
collisions, obtained with this correlator. The measure-
ments relative to Ψ3, as well as those relative to Ψ2 for
the p(d)+Au systems, provide important benchmarks for
validation and quantification of a possible CME-driven
signal in Au+Au collisions. That is, there is little, if
any, correlation between ΨRP and Ψ3 which renders the
measurements relative to Ψ3 insensitive to CME-driven
charge separation, but not necessarily to the background.
Similarly, CME-driven charge separation is expected to
be small, if at all present, in p(d)+Au collisions, due
to the reduced magnetic field strength and the approxi-
mately random ~B-field orientations (relative to both Ψ2
and Ψ3) in these collisions.
The data presented in this work are from p(d)+Au
and Au+Au collisions collected at the collision energy√
sNN = 200 GeV with the STAR detector using a mini-
mum bias trigger [38]. Charged-particle tracks, measured
in the full azimuth and the pseudorapidity range |η| < 1.0
of the Time Projection Chamber (TPC) [39], were used
to reconstruct the collision vertices. Events were selected
with vertex positions within ±30 cm from the nominal
center of the TPC (in the beam direction), and within
4±2 cm in the radial direction with respect to the center
of the beam.
The centrality of each collision was determined by mea-
suring event-by-event multiplicity and interpreting the
measurement with a tuned Monte Carlo Glauber calcu-
lation [40]. Analyzed tracks were required to have a dis-
tance of closest approach (DCA) to the primary vertex
of less than 3 cm, and to have at least 15 TPC space
points used in their reconstruction. Furthermore, the ra-
tio of the number of fit points to the maximum possible
number of TPC space points was required to be larger
than 0.52 to remove the effects of split and merged tracks.
The RΨm(∆S) correlators employed in our analysis,
are obtained from the ratio of two sets of correlation func-
tions [36, 37];
RΨm(∆S) = CΨm(∆S)/C
⊥
Ψm(∆S), m = 2, 3, ..., (3)
where CΨm(∆S) and C
⊥
Ψm
(∆S) are used to quantify
charge separation ∆S, perpendicular and parallel (re-
spectively) to the Ψm event planes. For Ψ2, these corre-
lation functions measure charge separation parallel and
perpendicular (respectively) to the ~B-field. Both were
constructed from the ratio of two distributions, following
the procedure outlined in Refs. [36, 37];
CΨm(∆S) =
Nreal(∆S)
Nshuffled(∆S)
, (4)
where Nreal(∆S) is the distribution over events of the
event-by-event average of the charge separation;
∆S =
n+∑
1
w+i sin(
m
2
∆ϕm)
n+∑
1
w+i
−
n−∑
1
w−i sin(
m
2
∆ϕm)
n−∑
1
w−i
, (5)
where n− and n+ are the numbers of negatively and posi-
tively charged particles emitted about the estimated Ψm
planes, w±i are weights which take account of the az-
imuthal acceptance for positively and negatively charged
particles, and ∆ϕm = φ−Ψm. The Nshuffled(∆S) distri-
bution was obtained via random reassignment (shuffling)
of the charges of the reconstructed tracks in each event.
This procedure ensures identical event-by-event proper-
ties for the numerator and the denominator in Eq. 4,
except for the sensitivity to charge-dependent correla-
tions that is fully removed in the denominator. The
Nreal(∆S) and Nshuffled(∆S) distributions used to con-
struct C⊥Ψm(∆S), were obtained from the same events
used to construct CΨm(∆S), but with Ψm replaced
by Ψm + π/m to ensure that only background-driven
charge separation contributes to C⊥Ψm(∆S). The ratios
Nreal(∆S)/Nshuffled(∆S) yield Gaussian distributions for
both CΨm(∆S) and C
⊥
Ψm
(∆S).
The correlator RΨ2(∆S) = CΨ2(∆S)/C
⊥
Ψ2
(∆S), is de-
signed to measure the magnitude of charge separation
parallel to the ~B-field, relative to that for charge separa-
tion perpendicular to the ~B-field. Since the CME drives
charge separation along the ~B-field, it is expected to
lead to concave-shaped RΨ2(∆S) distributions [36] hav-
ing widths that reflect the magnitude a˜1 of the charge
separation (cf. Eq. 1). By contrast, the correlator
RΨ3(∆S) = CΨ3(∆S)/C
⊥
Ψ3
(∆S) is insensitive to a CME-
driven charge separation, due to the very weak correla-
tion between the orientation of Ψ3 and the ~B-field. Thus,
the identification and characterization of CME-driven
charge separation requires both a concave-shaped distri-
bution for RΨ2(∆S) and an observed difference between
the distributions for RΨ2(∆S) and RΨ3(∆S) [36, 37],
i.e, a concave-shaped RΨ2(∆S) distribution is necessary
but insufficient for signal identification and characteri-
zation. An important corollary signaling the dominance
of background-driven charge separation, is a characteris-
tically similar pattern (in magnitude and trend) for the
RΨ2(∆S) and RΨ3(∆S) correlators [36], as demonstrated
in Fig. 1(a) and further discussed below. This similar-
ity is to be expected regardless of whether or not the
background-driven distribution for RΨ3(∆S) is convex-
or concave-shaped [36, 41].
The magnitude of the charge separation is reflected
in the widths of the concave-shaped distributions for
RΨ2(∆S), which are also influenced by particle number
fluctuations and the resolution of Ψ2. That is, stronger
CME-driven signals lead to narrower concave-shaped dis-
tributions (smaller widths), which are made broader by
particle number fluctuations and poorer event-plane reso-
lutions. The influence of particle number fluctuations can
be mitigated by scaling ∆S by the width σ∆Sh of the dis-
tribution for Nshuffled(∆S) i.e., ∆S
′
= ∆S/σ∆Sh . Simi-
larly, the effects of the event plane resolution can be taken
into account by scaling ∆S
′
by the parametrized resolu-
tion factor δR = Res · e(1−Res)2 , i.e., ∆S′′ = ∆S′ · δR,
where Res is the event plane resolution. The efficacy
of both scaling factors has been confirmed via detailed
simulation studies, as well as with data-driven tests.
For the present analysis, charged particles with trans-
verse momentum 0.2 < pT < 2.0 GeV/c were used to
construct Ψ2 and Ψ3. For Au+Au collisions, each event
was subdivided into two sub-events with pseudorapidity
0.1 < η < 1.0 (West) and −1.0 < η < −0.1 (East) to ob-
tain ΨEm (East) and Ψ
W
m (West); the associated centrality-
dependent event-plane resolution factors are comparable
to those reported in Ref. [42]. For p(d)+Au collisions,
Ψm was determined only in the Au going direction; the
associated event-plane resolution factors for Ψ2 in central
p+Au and d+Au collisions (〈Nch〉 = 20 ± 3) are 0.184
and 0.263 respectively. They can be compared to the
value 0.346, extracted for peripheral Au+Au collisions of
similar 〈Nch〉. Subsequently, CΨm(∆S), C⊥Ψm(∆S) and
RΨm(∆S) were determined for charged particles with
0.35 < pT < 2.0 GeV/c, taking care to use Ψ
W
m for parti-
cles within the range 0.1 < η < 1.0 and ΨEm for particles
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FIG. 1. Comparison of the RΨm(∆S
′′
) distributions for charged particles in Au+Au collisions (
√
sNN = 200 GeV). Results are
shown for (a) purely background-driven charge separation for 30-50% central events obtained with the AMPT model; (b) same
as (a) but with resonance decays suppressed; (c) the combined effects of background- and CME-driven (a˜1 = 1.0%) charge
separation obtained for 30-50% central events with the AVFD model and (d) data for 30-50% central events from this study.
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FIG. 2. (a) Comparison of the RΨ2(∆S
′′
) correlators for
q2 selected events in 20 − 50% central, Au+Au collisions at√
sNN = 200 GeV; (b) v2(q2) vs. q2 for the same q2-selected
events; (c) comparison of the inverse widths σ−1
RΨ2
for the
RΨ2(∆S
′′
) distributions shown in panel (a).
within the range −1.0 < η < −0.1, to avoid possible
self-correlations. The latter pT cut was chosen to mini-
mize the influence of acceptance effects at low pT while
optimizing the statistics.
The values of RΨm(∆S) were obtained for central
p(d)+Au collisions and for Au+Au collisions at several
centralities at
√
sNN = 200 GeV; note that the statis-
tics for p(d)+Au collisions precluded the extraction of
RΨ3(∆S) for these systems. Representative distribu-
tions are shown in Figs. 1(d), 2, 3 and 4. The sys-
tematic uncertainties associated with these extractions
were estimated from variations in the extracted values
of RΨm(∆S) after varying the vertex position, DCA and
|∆η| over the ranges ±30 cm, 2-3 cm and 0.2-0.6 respec-
tively. The resulting relative uncertainties which roughly
cancel (cf. Eq. 3), are much smaller than the statistical
uncertainties and do not exceed 1%.
To aid the interpretation of the experimental mea-
surements, RΨm(∆S) correlators were similarly obtained
[36] for Au+Au collisions simulated with the Multi-
Phase Transport (AMPT) Model (v1.26t5-v2.26t5) [43]
and the first generation Anomalous Viscous Fluid Dy-
namics (AVFD) model [9]; the latter does not incor-
porate event-by-event fluctuations but the former does.
Both models include flow and resonance decays, but do
not incorporate Local charge conservation (LCC) as a
 0.95
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FIG. 3. Comparison of theRΨ2(∆S
′′
) correlators obtained for
charged particles in peripheral Au+Au and central p(d)+Au
collisions (〈Nch〉 ∼ 20) at √sNN = 200 GeV.
background. This LCC background can influence both
the magnitude and the shape of the RΨ2(∆S) and the
RΨ3(∆S) correlators [36, 41], depending on its precise
nature. However, it can be discerned from CME-driven
charge separation via a comparison of RΨ2(∆S) and
RΨ3(∆S) [36, 41] as discussed earlier. The simulated
correlators, shown in Figs. 1(a)-(c), provide insight, as
well as important benchmarks for qualitative compar-
isons between the measured correlators and those simu-
lated for background- and background plus CME-driven
charge separation.
The AMPT results shown in Fig. 1(a) indicates that,
for background-driven charge separation (a1 = 0), sim-
ilar magnitudes and widths are to be expected for the
RΨ2(∆S
′′
) and RΨ3(∆S
′′
) distributions. This similarity,
albeit with different shaped correlators, is borne out in
hydrodynamical model calculations which incorporates
the LCC background [41]. Fig. 1(b) shows that the sup-
pression of resonance decays in the AMPT events (by
switching them off), results in relatively flat distribu-
tions for RΨm(∆S
′′
), confirming that, in the absence of
resonance decays, RΨ2(∆S
′′
) is insensitive to the back-
ground which results from flow fluctuations. This re-
sponse contrasts with that for the γ correlator [34, 35].
Fig. 1(c) shows that the introduction of an input CME
signal (a1 = 1.0%) in single-shot AVFD events, leads to
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′′
) correlators obtained for charged particles in (a) 0− 20%, (b) 20− 30%, (c) 40− 50%
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the concave-shaped RΨ2(∆S
′′
) distribution expected for
CME-driven charge separation along the ~B-field.
The RΨ2,3(∆S
′′
) correlators for 30-50% Au+Au colli-
sions are shown in Fig. 1(d); they indicate characteris-
tic patterns which contrast with the expected similarity
between RΨ2(∆S
′′
) and RΨ3(∆S
′′
) when background-
driven charge separation dominates (cf. Fig. 1(a)).
That is, RΨ3(∆S
′′
) shows a flat or slightly convex-
shaped distribution analogous to the one observed in the
AMPT simulations for background-driven charge sepa-
ration (Figs. 1(a) and (b)), while the concave-shaped
RΨ2(∆S
′′
) distribution is analogous to the one ob-
tained in AVFD simulations with an input CME signal
(Fig. 1(c)). These observations are incompatible with the
dominance of background-driven contributions.
The sensitivity of RΨ2(∆S
′′
) to the influence of possi-
ble background contributions can be further studied with
event-shape selection, via fractional cuts on the distribu-
tion of the magnitude of the q2 flow vector [44]. Here,
the rationale is that elliptic flow v2, which is a major
driver of background correlations, is strongly correlated
with q2 [26, 45]. Thus, the influence of the background
correlations can be increased(decreased) by selecting on
events with larger(smaller) q2 magnitudes.
The analysis with event-shape selection was performed
with three sub-events; A[η < −0.3], B[|η| < 0.3], and
C[η > 0.3], following the procedures outlined earlier, and
with q2 selections in sub-event B. Fig. 2 compares the
q2-selected RΨ2(∆S
′′
) distributions (a) and v2 values (b)
obtained for 20-50% central Au+Au collisions. They in-
dicate that while v2 shows a sizable increase with q2,
the corresponding widths for the RΨ2(∆S
′′
) correlators
(Fig. 2(c)) show little, if any, change. This contrasts
with the q2-dependent widths observed for background-
driven charge separation in AMPT simulations. Note
that the B-field is a weak function of q2 but a strong func-
tion of centrality [26]. The observed insensitivity of the
data to q2, is incompatible with a dominating influence
of background-driven contributions [26] to RΨ2(∆S
′′
).
Further benchmarking can be achieved by comparing
the RΨ2(∆S
′′
) correlators for p+Au, d+Au and Au+Au
collisions at similar 〈Nch〉 ∼ 20. Note that for this value
of 〈Nch〉, the difference between the event plane reso-
lution for d+Au and Au+Au collisions is about 30%.
The statistical significance of the data for p+Au and
d+Au precluded the extraction of RΨ3(∆S
′′
) for these
systems. The convex-shaped to flat RΨ2(∆S
′′
) distribu-
tions shown for p(d)+Au collisions in Fig. 3 are reminis-
cent of the RΨ3(∆S
′′
) correlators observed for Au+Au
collisions (cf. Fig. 1(d) and Fig. 4), and are consistent
with the reduced magnetic field strength and the approx-
imately random ~B-field orientations [relative to Ψ2] ex-
pected in these collisions. In contrast, the RΨ2(∆S
′′
)
correlator for Au+Au collisions, also shown in Fig. 3, is
decidedly concave-shaped, which is incompatible with the
dominance of background-driven charge separation indi-
cated by RΨ3(∆S
′′
). The observed system-dependent
patterns for RΨ2(∆S
′′
) are compatible with the domi-
nance of background-driven charge separation in p/d+Au
collisions but not in the corresponding Au+Au collisions.
This contrasts with the background-dominated measure-
ments observed with the γ correlator for similar 〈Nch〉
selections in p+Pb and Pb+Pb collisions [25] and in
p(d)+Au and Au+Au collisions [45].
The RΨm(∆S
′′
) correlators, extracted for several cen-
trality selections in Au+Au collisions at
√
sNN =
200 GeV, are shown in Figs. 4(a) - (d). The qualita-
tive patterns of a convex-shaped to an essentially flat
distribution for RΨ3(∆S
′′
) and a concave-shaped distri-
bution for RΨ2(∆S
′′
) are similar to those shown earlier in
Figs. 1(d), 2(a) and 3; the dashed curves represent Gaus-
sian fits (f(x) = Ae
0.5(x/σRΨ2
)2
) to these distributions.
A centrality-dependent change in σRΨ2 is apparent from
the distributions. This dependence is made more trans-
parent in Fig. 4(e) where σ−1RΨ2
∝ a˜1 [for CME dominated
signal] [36] is plotted vs. centrality.
The convex to flat distributions observed for
RΨ3(∆S
′′
) at all centrality intervals and the sizable
RΨ2(∆S
′′
) centrality dependence indicated in Fig. 4(e),
cannot be reconciled with any of the background-driven
charge separation models. Here, it is important to recall
that Fig. 2(a) gives a strong indication that RΨ2(∆S
′′
)
is relatively insensitive to v2, which also increases as col-
lisions become more peripheral.
In summary, we have used the charge-sensitive cor-
relators RΨ2,3(∆S), constructed relative to the 2
nd and
73rd-order event planes, to perform charge separation mea-
surements in p(d)+Au and Au+Au collisions at
√
sNN =
200 GeV. The correlators indicate convex-shaped to flat
RΨm(∆S
′′
) distributions for the measurements relative
to Ψ3 and those relative to Ψ2 for the p(d)+Au systems.
In contrast, the Au+Au measurements relative to Ψ2,
show concave-shaped RΨ2(∆S
′′
) distributions. The in-
verse widths of the RΨ2(∆S
′′
) distributions, which serve
to quantify the magnitude of the charge separation, show
an increase from central to peripheral collisions but are
insensitive to event-shape slection.
Background scenarios of flow, flow fluctuations, res-
onance decay and local charge conservation effects,
as implemented in the AMPT [35, 46], AVFD [36],
and 3+1-dimensional hydrodynamic [41] models can-
not provide a simultaneous description of RΨ2,3(∆S) for
Au+Au, RΨ2(∆S) for p(d)+Au, and the q2 dependence
of RΨ2(∆S) for Au+Au. Instead, these correlator re-
sponses suggest a distinction between background- and
CME-driven charge separation, which could aid charac-
terization of the CME. These measurements not only pro-
vide a crucial experimental test for the CME in Au+Au
collisions at RHIC, but could also aid the development
of a detailed understanding of the chiral and topological
properties of the QGP produced in these collisions.
ACKNOWLEDGMENTS
We thank the RHIC Operations Group and RCF at
BNL, the NERSC Center at LBNL, and the Open Sci-
ence Grid consortium for providing resources and sup-
port. This work was supported in part by the Office
of Nuclear Physics within the U.S. DOE Office of Sci-
ence, the U.S. National Science Foundation, the Min-
istry of Education and Science of the Russian Federa-
tion, National Natural Science Foundation of China, Chi-
nese Academy of Science, the Ministry of Science and
Technology of China and the Chinese Ministry of Educa-
tion, the Higher Education Sprout Project by Ministry
of Education at NCKU, the National Research Founda-
tion of Korea, Czech Science Foundation and Ministry
of Education, Youth and Sports of the Czech Republic,
Hungarian National Research, Development and Innova-
tion Office, New National Excellency Programme of the
Hungarian Ministry of Human Capacities, Department
of Atomic Energy and Department of Science and Tech-
nology of the Government of India, the National Science
Centre of Poland, the Ministry of Science, Education and
Sports of the Republic of Croatia, RosAtom of Russia and
German Bundesministerium fur Bildung, Wissenschaft,
Forschung and Technologie (BMBF), Helmholtz Associ-
ation, Ministry of Education, Culture, Sports, Science,
and Technology (MEXT) and Japan Society for the Pro-
motion of Science (JSPS).
[1] Thomas Schafer and Edward V. Shuryak, “Instan-
tons in QCD,” Rev. Mod. Phys. 70, 323–426 (1998),
arXiv:hep-ph/9610451.
[2] Dmitri E. Kharzeev, “Topologically in-
duced local P and CP violation in QCD
x QED,” Annals Phys. 325, 205–218 (2010),
arXiv:0911.3715 [hep-ph].
[3] Dmitri Kharzeev, “Parity violation in hot
QCD: Why it can happen, and how to look
for it,” Phys. Lett. B633, 260–264 (2006),
arXiv:hep-ph/0406125.
[4] A. Vilenkin, “Equilibrium parity-violating current in a
magnetic field,” Phys. Rev. D22, 3080–3084 (1980).
[5] D. Kharzeev and A. Zhitnitsky, “Charge sep-
aration induced by P-odd bubbles in QCD
matter,” Nucl. Phys. A797, 67–79 (2007),
arXiv:0706.1026 [hep-ph].
[6] Dmitri E. Kharzeev, Larry D. McLerran, and Har-
men J. Warringa, “The effects of topological charge
change in heavy ion collisions: ’Event by event P
and CP violation’,” Nucl. Phys. A803, 227–253 (2008),
arXiv:0711.0950 [hep-ph].
[7] Kenji Fukushima, Dmitri E. Kharzeev, and
Harmen J. Warringa, “The Chiral Mag-
netic Effect,” Phys. Rev. D78, 074033 (2008),
arXiv:0808.3382 [hep-ph].
[8] D. E. Kharzeev, J. Liao, S. A. Voloshin, and
G. Wang, “Chiral magnetic and vortical effects
in high-energy nuclear collisions−A status re-
port,” Prog. Part. Nucl. Phys. 88, 1–28 (2016),
arXiv:1511.04050 [hep-ph].
[9] Yin Jiang, Shuzhe Shi, Yi Yin, and Jinfeng Liao, “Quan-
tifying the chiral magnetic effect from anomalous-viscous
fluid dynamics,” Chin. Phys. C 42, 011001 (2018),
arXiv:1611.04586 [nucl-th].
[10] Shuzhe Shi, Yin Jiang, Elias Lilleskov, and
Jinfeng Liao, “Anomalous Chiral Transport in
Heavy Ion Collisions from Anomalous-Viscous
Fluid Dynamics,” Annals Phys. 394, 50–72 (2018),
arXiv:1711.02496 [nucl-th].
[11] Adam Bzdak, Shinichi Esumi, Volker Koch, Jin-
feng Liao, Mikhail Stephanov, and Nu Xu, “Map-
ping the Phases of Quantum Chromodynamics with
Beam Energy Scan,” Phys. Rept. 853, 1–87 (2020),
arXiv:1906.00936 [nucl-th].
[12] Dmitri E. Kharzeev and Harmen J. Warringa, “Chiral
magnetic conductivity,” Phys. Rev. D80, 034028 (2009),
arXiv:0907.5007 [hep-ph].
[13] Dam T. Son and Piotr Surowka, “Hy-
drodynamics with Triangle Anoma-
lies,” Phys. Rev. Lett. 103, 191601 (2009),
arXiv:0906.5044 [hep-th].
[14] Valentin I. Zakharov, “Chiral Mag-
netic Effect in Hydrodynamic Approxima-
tion,” Lect. Notes Phys. 871, 295–330 (2013),
arXiv:1210.2186 [hep-ph].
[15] Kenji Fukushima, “Views of the Chiral Magnetic
Effect,” Lect. Notes Phys. 871, 241–259 (2013),
arXiv:1209.5064 [hep-ph].
[16] L. McLerran and V. Skokov, “Comments About
the Electromagnetic Field in Heavy-Ion Col-
8lisions,” Nucl. Phys. A929, 184–190 (2014),
arXiv:1305.0774 [hep-ph].
[17] Kirill Tuchin, “Electromagnetic field and
the chiral magnetic effect in the quark-
gluon plasma,” Phys. Rev. C91, 064902 (2015),
arXiv:1411.1363 [hep-ph].
[18] M. Mace, S. Schlichting, and R. Venu-
gopalan, “Off-equilibrium sphaleron transitions
in the glasma,” Phys. Rev. D93, 074036 (2016),
arXiv:1601.07342 [hep-ph].
[19] B. I. Abelev et al. (STAR), “Azimuthal Charged-
Particle Correlations and Possible Local Strong Par-
ity Violation,” Phys. Rev. Lett. 103, 251601 (2009),
arXiv:0909.1739 [nucl-ex].
[20] B. I. Abelev et al. (STAR), “Observation of
charge-dependent azimuthal correlations and
possible local strong parity violation in heavy
ion collisions,” Phys. Rev. C81, 054908 (2010),
arXiv:0909.1717 [nucl-ex].
[21] L. Adamczyk et al. (STAR), “Fluctuations of
charge separation perpendicular to the event plane
and local parity violation in
√
sNN = 200 GeV
Au+Au collisions at the BNL Relativistic Heavy
Ion Collider,” Phys. Rev. C88, 064911 (2013),
arXiv:1302.3802 [nucl-ex].
[22] L. Adamczyk et al. (STAR), “Measurement
of charge multiplicity asymmetry correlations
in high-energy nucleus-nucleus collisions at√
sNN = 200 GeV,” Phys. Rev. C89, 044908 (2014),
arXiv:1303.0901 [nucl-ex].
[23] L. Adamczyk et al. (STAR), “Beam-energy
dependence of charge separation along the
magnetic field in Au+Au collisions at
RHIC,” Phys. Rev. Lett. 113, 052302 (2014),
arXiv:1404.1433 [nucl-ex].
[24] Betty Abelev et al. (ALICE), “Charge separation rela-
tive to the reaction plane in Pb-Pb collisions at
√
sNN =
2.76 TeV,” Phys. Rev. Lett. 110, 012301 (2013),
arXiv:1207.0900 [nucl-ex].
[25] Vardan Khachatryan et al. (CMS), “Observation of
charge-dependent azimuthal correlations in p-Pb colli-
sions and its implication for the search for the chiral
magnetic effect,” Phys. Rev. Lett. 118, 122301 (2017),
arXiv:1610.00263 [nucl-ex].
[26] Shreyasi Acharya et al. (ALICE), “Constraining
the magnitude of the Chiral Magnetic Effect with
Event Shape Engineering in Pb-Pb collisions at√
sNN = 2.76 TeV,” Phys. Lett. B777, 151–162 (2018),
arXiv:1709.04723 [nucl-ex].
[27] Albert M. Sirunyan et al. (CMS), “Con-
straints on the chiral magnetic effect us-
ing charge-dependent azimuthal correlations in
pPb and PbPb collisions at the CERN Large
Hadron Collider,” Phys. Rev. C97, 044912 (2018),
arXiv:1708.01602 [nucl-ex].
[28] Sergei A. Voloshin, “Parity violation in hot QCD:
How to detect it,” Phys. Rev. C70, 057901 (2004),
arXiv:hep-ph/0406311 [hep-ph].
[29] Masayuki Asakawa, Abhijit Majumder, and Berndt
Muller, “Electric Charge Separation in Strong Tran-
sient Magnetic Fields,” Phys. Rev. C81, 064912 (2010),
arXiv:1003.2436 [hep-ph].
[30] Adam Bzdak, Volker Koch, and Jinfeng Liao,
“Azimuthal correlations from transverse mo-
mentum conservation and possible local par-
ity violation,” Phys. Rev. C 83, 014905 (2011),
arXiv:1008.4919 [nucl-th].
[31] Berndt Muller and Andreas Schafer, “Charge Fluc-
tuations from the Chiral Magnetic Effect in Nu-
clear Collisions,” Phys. Rev. C 82, 057902 (2010),
arXiv:1009.1053 [hep-ph].
[32] Fuqiang Wang, “Effects of Cluster Parti-
cle Correlations on Local Parity Violation
Observables,” Phys. Rev. C81, 064902 (2010),
arXiv:0911.1482 [nucl-ex].
[33] Soren Schlichting and Scott Pratt, “Explaining
Angular Correlations Observed at RHIC with
Flow and Local Charge Conservation,” (2010),
arXiv:1005.5341 [nucl-th].
[34] Guo-Liang Ma and Bin Zhang, “Effects of final
state interactions on charge separation in relativistic
heavy ion collisions,” Phys. Lett. B700, 39–43 (2011),
arXiv:1101.1701 [nucl-th].
[35] Yifeng Sun and Che Ming Ko, “Chiral kinetic
approach to the chiral magnetic effect in iso-
baric collisions,” Phys. Rev. C98, 014911 (2018),
arXiv:1803.06043 [nucl-th].
[36] Niseem Magdy, Shuzhe Shi, Jinfeng Liao, N. Aji-
tanand, and Roy A. Lacey, “New correla-
tor to detect and characterize the chiral mag-
netic effect,” Phys. Rev. C97, 061901 (2018),
arXiv:1710.01717 [physics.data-an].
[37] Niseem Magdy, Shuzhe Shi, Jinfeng Liao, Peifeng Liu,
and Roy A. Lacey, “Examination of the observability
of a chiral magnetically driven charge-separation differ-
ence in collisions of the 9644Ru +
96
44Ru and
96
40Zr +
96
40Zr
isobars at energies available at the BNL Relativis-
tic Heavy Ion Collider,” Phys. Rev. C98, 061902 (2018),
arXiv:1803.02416 [nucl-ex].
[38] E. G. Judd et al., “The evolution of the STAR Trigger
System,” Nucl. Instrum. Meth. A902, 228–237 (2018).
[39] M. Anderson et al., “The Star time projection cham-
ber: a unique tool for studying high multiplicity events
at RHIC,” Nucl. Instrum. Meth. A499, 659–678 (2003),
arXiv:nucl-ex/0301015 [nucl-ex].
[40] L. Adamczyk et al. (STAR), “Inclusive charged
hadron elliptic flow in Au + Au collisions at
√
sNN
= 7.7 - 39 GeV,” Phys. Rev. C86, 054908 (2012),
arXiv:1206.5528 [nucl-ex].
[41] Piotr Bozek, “Azimuthal angle dependence of
the charge imbalance from charge conserva-
tion effects,” Phys. Rev. C97, 034907 (2018),
arXiv:1711.02563 [nucl-th].
[42] L. Adamczyk et al. (STAR), “Measurement of ellip-
tic flow of light nuclei at
√
sNN = 200, 62.4, 39,
27, 19.6, 11.5, and 7.7 GeV at the BNL Relativis-
tic Heavy Ion Collider,” Phys. Rev. C94, 034908 (2016),
arXiv:1601.07052 [nucl-ex].
[43] Zi-Wei Lin, Che Ming Ko, Bao-An Li, Bin
Zhang, and Subrata Pal, “A Multi-phase
transport model for relativistic heavy ion
collisions,” Phys. Rev. C72, 064901 (2005),
arXiv:nucl-th/0411110 [nucl-th].
[44] Jurgen Schukraft, Anthony Timmins, and Sergei A.
Voloshin, “Ultra-relativistic nuclear collisions: event
shape engineering,” Phys. Lett. B719, 394–398 (2013),
arXiv:1208.4563 [nucl-ex].
[45] Jie Zhao, “Search for the chiral mag-
9netic effect in relativistic heavy-ion colli-
sions,” Int. J. Mod. Phys. A33, 1830010 (2018),
arXiv:1805.02814 [nucl-ex].
[46] Ling Huang, Mao-Wu Nie, and Guo-Liang Ma,
“Sensitivity analysis for observables of the chi-
ral magnetic effect using a multiphase trans-
port model,” Phys. Rev. C 101, 024916 (2020),
arXiv:1906.11631 [nucl-th].
